Hydrolysis of the chromogenic I-lactam nitrocefin by periplasmic ,I-lactamase in intact Pseudomonas aeruginosa cells was used to assess the influence of various compounds on the permeability of the P. aeruginosa outer membrane. In addition to the five previously described outer membrane-active compounds EDTA, polymyxin B, gentamicin, poly-L-lysine, and Tris, seven other compounds were shown to increase outer membrane permeability to nitrocefin by 14-to 63-fold. These other compounds included poly-L-ornithine, neomycin, cetyltrimethylammonium bromide, nitrilotriacetate, L-ascorbate, and acetylsalicylate. In each case, Mg2+ ions antagonized, to different extents, the enhancement of outer membrane permeability. The same compounds increased the permeability of the outer membrane to the protein lysozyme and to the hydrophobic fluorescent probe 1-N-phenylnaphthylamine, although L-ascorbate and acetylsalicylate showed only very weak enhancement of uptake in these assays. In this report, we discuss the possibility that these compounds act at a common outer membrane site at which divalent cations noncovalently cross-bridge adjacent lipopolysaccharide molecules.
otics partition into the outer membrane bilayer, has been proposed for some Neisseria spp. (15) . In contrast, Nikaido (14) has demonstrated that most gram-negative bacteria do not have a hydrophobic-uptake pathway and are highly resistant to hydrophobic antibiotics. We have suggested a third uptake pathway, the self-promoted pathway (4, 5, 12) , in which polycationic antibiotics interact with a site on the outer membrane at which Mg2+ noncovalently cross-bridges adjacent lipopolysaccharide molecules. The resultant destabilized outer mnembrane allows enhanced passage across the outer membrane of the chromogenic 1-lactam nitrocefin (5), the protein lysozyme (5) , and the hydrophobic fluorophors N-phenylnaphthylamine (NPN) and 1-anilino-8-naphthosulfonate (B. Loh, C. Grant, and R. E. W. Hancock, submitted for publication). Consequently, we have proposed that the uptake of the polycationic antibiotic causing the outer membrane disruption is also promoted. As further evidence in favor of self-promoted uptake, EDTA, a divalent cationchelator which removes MG2+ from outer membrane sites, causes similar enhancement of uptake of lysozyme and ,Blactams (5, 22) as well as enhanced killing by the polycationic antibiotics (22) . Furthermore, a single-point mutation of Pseudomonas aeruginosa renders the cells resistant to not only the polycationic antibiotics but also EDTA (11) , whereas external Mg2+ antagonizes (i.e., competes with) both classes of agents (10, 11, 30) .
The disruption of the outer membranes of a variety of gram-negative bacteria by polymyxin and EDTA has been well studied (8, 9, 23, 27 ; see R. E. W. Hancock, Annu. Rev.
Microbiol., in press, for a review). Recently, Vaara and Vaara have provided strongly suggestive evidence that delipidated polymyxin, as well as other polycations, can also disrupt the outer membranes of Escherichia coli cells (25) . * Corresponding author.
All of these agents which disrupt outer membranes are synergistic with antibiotics (22, 24) . In this paper, we have proposed that agents enhancing outer membrane permeability be given the group name permeabilizers and demonstrate that a variety of compounds have outer membrane-permeabilizing activity in P. aeruginosa.
MATERIALS AND METHODS Bacterial strain and growth conditions. P. aeruginosa H309, which is a derivative of P. aeruginosa PAO1 strain H103 (11) and contains the plasmid RP1 (13, 16) , was used for all of the nitrocefin permeation experiments described here. Strain H103 was used for all other experiments. These strains were grown on proteose peptone no. 2 medium to an optical density at 600 nm of 0.5 and centrifuged down and resuspended in 5 mM sodium HEPES (N-2-hydroxyethylpiperazone-N'-2-ethane sulfonic acid) buffer (pHl 7 .35) at the same optical density. Control experiments demonstrated that no leakage of 1-lactamase from strain H309 occurred over a time period of 3 to 4 h after resuspension of the cells. Firthermore, no differences were observed when enhancement of NPN uptake (see below) by gentamicin or polymyxin was examined with either strain H103 or strain H309.
Outer membrane permeability estimation with nitrocefin. The rates of hydrolysis of nitrocefin in intact cells were determined exactly as described previously (16) . The permeability parameter C was calculated by the method of Zimmerman and Rosselet (31) . Nitrocefin was the kind gift of Glaxo Ltd., Middlesex, England.
Lysozyme lysis. One milliliter of cells in HEPES buffer was placed in a cuvette at 230C, and lysozyme from a 1-mg/ml stock solution in water was added to a final concentration of 20 ,ug/ml. A permeabilizer compound was then added to a final concentration (see Table 2 
RESULTS
Measurement of outer membrane permeability with nitrocefin. Nitrocefin is a chromogenic 3-lactam which undergoes a color change when hydrolyzed by 3-lactamase (1). When the 3-lactamase is free in solution, only the concentration of nitrocefin and the kinetic parameters of the enzyme determine the rate of conversion of nitrocefin to nitrocefoic acid. In whole cells, however, when the r-lactamase is largely periplasmic, the rate of hydrolysis at low-to-moderate nitrocefin concentrations is limited by the rate of diffusion across the semipermeable outer membrane and thus provides a measure of outer membrane permeability (1, 13. 16) .
In the experiments performed here, the periplasmic 1-lactamase was encoded by the resistance transfer plasmid RP1. We confirmed our previous data (13) that, under the conditons utilized here, the rate of hydrolysis of nitrocefin by the RP1-encoded 1-lactamase of intact cells was less than 2% of the hydrolysis rate when these cells were disrupted by passage through a French pressure cell. To confirm that nitrocefin hydrolysis provided a good measure of outer membrane disruption, we studied the effects of EDTA, a divalent cation chelator known to disrupt outer membranes (8) . The rate of nitrocefin hydrolysis was sigmoidally related to the concentration of EDTA and approached a maximum rate of hydrolysis about 20-fold greater than that observed in the absence of EDTA (Fig. 1 ). Even this maximum rate of nitrocefin hydrolysis was more than twofold less than the rate of nitrocefin hydrolysis in Frenchpressed, broken cells, suggesting that we were not merely measuring outer membrane breakdown or loss but rather increased outer membrane permeability. In agreement with this was the fact that we could measure no 3-lactamase in the supernatant after EDTA treatment and removal of cells by centrifugation. Furthermore, no apparent cell lysis occurred under these conditions (i.e., in the absence of an energy source).
The sigmoidal relationship between the EDTA concentration and the rate of nitrocefin hydrolysis strongly suggests that EDTA interacted cooperatively with outer membranes. Redrawing the data as a Hill plot ( provides a measure of this cooperativity, was 1.38, suggesting at least two interaction sites. The substrate concentration at one-half the Vmax, which provides an average measurement of the affinity of the two sites for EDTA, was 1.88 mM EDTA.
The enhancement of outer membrane permeability to nitrocefin by EDTA was found to be strongly antagonized by Mg I (Table 1 ) and almost pH independent between pH 6 and 9 (data not shown). EDTA action on E. coli requires an organic cation such as Tris to promote its effects (19) . and HEPES buffer does not promote EDTA action (R. E. W. Hancock and V. J. Raffle, unpublished results). In contrast, as shown by Goldschmidt and Weiss (3) and confirmed here (Fig. 1) , EDTA action on P. aeruliginosa is independent of the presence of Tris and occurs readily in the presence of HEPES buffer. Tris itself was capable of increasing nitrocefin uptake in P. aerulgiflosa. We were able to demonstrate a marked effect of pH on the ability of Tris to permeabilize P. ieriginosa outer membranes to nitrocefin (e.g., Table 1 ).
Other compounds with well-known abilities to permeabilize outer membranes are the polycationic antibiotics gentamicin (in P. aeuliginosa only [5] ) and polymyxin B (20, 23, 27) . We were able to confirm that both of these antibiotics increased nitrocefin hydrolysis by periplasmic 13-lactamasE (Table 1) 
IDISCUSSION
In this paper we have demonstrated that 11 differeht compounds were capable of permeabilizing the P. aeruginosa outer membrane to nitrocefin. We propose that these compounds, which have a variety of different chemical compositions, be given the general name permeabilizers. Some of these permeabilizers, including EDTA (5), polymyxin B (10), Tris (5), and gentamicitn (5, 12) , are well known to increase outer membrane permeability in P. aeruginosa. All except gentamicin also act on other bacteria (7, 8, 23 ; see Hancock, in press, for a review). In addition, indirect evidence has implicated poly-L-lysine as an outer mem- brane-active compound in E. coli (25) . In this study, we have identified seven new compounds which increased outer membrane permeability to the ,B-lactam nitrocefin. The 11 permeabilizer compounds identified can be partially grouped according to their chemical characteristics. Polymyxin B, poly-L-lysine, poly-L-ornithine, gentamicin, and neomycin are all polycations, whereas gramicidin S carries two positive charges at neutral pH. Each of these increased outer membrane permeability to nitrocefin as well as to the 14,000-dalton protein lysozyme (Table 2 ) and the hydrophobic fluorescent compound NPN (Table 3) . We have also demonstrated that six other polycationic aminoglycoside antibiotics, streptomycin, tobramycin, sisomycin, netilmycin, amikacin, and kanamycin, enhanced the uptake of NPN in P. aeruginosa (Loh et al., submitted for publication) and thus should be classed as permeabilizers.
A second group of compounds, organic monovalent cations such as Tris and cetrimide, were able to increase outer membrane permeability to nitrocefin at high concentrations. Cetrimide was also effective in enhancing outer membrane permeability to NPN, whereas we previously demonstrated that Tris at very high concentrations (-200 mM) caused enhanced permeability to lysozyme (5) . Interestingly, both cetrimide and Tris are capable of potentiating the action of EDTA in E. coli and other organisms (26) . Possibly some or all of the 32 organic cations shown by Voss (26) to individually promote EDTA action against E. coli may also have permeabilizer activity in P. aeruginosa.
A third group of outer membrane-permeabilizing compounds were the divalent cation chelators EDTA and nitrilotriacetate. These chelators caused increased permeation of nitrocefin, lysozyme, and NPN across the outer membrane. The mechanism of action of the other two permeabilizers identified in this study, ascorbate and acetylsalicylate, is unknown. both of these compounds caused enhanced uptake of nitrocefin but had only a minor effect on (13) . This low rate of permeation results in a relatively lower rate of uptake of hydrophilic ,-lactams into the periplasm and consequently decreases the effective exposure of cells to these antibiotics. One possible therapeutic strategy against P. aeruginosa, therefore, might be to attempt to reduce the effect of low outer membrane permeability by cotreatment with permeabilizers, thus allowing increased uptake of hydrophilic ,-lactams across the outer membrane. Although we have not specifically addressed this question in this report, there is ample evidence in the literature for synergy between five of the outer membrane-permeabilizing compounds described here and a variety of antibiotics (e.g., 17, 18, [20] [21] [22] 24) . Furthermore, reports on the use of ascorbate and EDTA together with antibiotics in patient and animal model studies have appeared (18, 28) . In this respect, it should be noted that many of the permeabilizers described here are currently used in medical practice. By use of the three relatively simple screening tests described here, it should be easy to identify other compounds capable of increasing outer membrane permeability. 
